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etrotransposons make up roughly 50% of the mammalian genome and have played an important role in genome evolution. A small fraction of non-LTR retrotransposons, LINE-1 and SINE elements, is currently active in the human genome. These elements move in our genome using an intermediate RNA and a reverse transcriptase activity by a copy and paste mechanism. Their ongoing mobilization can impact the human genome leading to several human disorders. However, how the cell controls the activity of these elements minimizing their mutagenic effect is not fully understood. Recent studies have highlighted that the intermediate RNA of retrotransposons is a target of different mechanisms that limit the mobilization of endogenous retrotransposons in mammals. Here, we provide an overview of recent discoveries that show how RNA processing events can act to control the activity of mammalian retrotransposons and discuss several arising questions that remain to be answered.
It is becoming increasingly evident that Transposable Elements (TEs) have been instrumental in shaping eukaryotic genomes. Indeed, TEs are responsible for the generation of at least half of the human genome, 1 and although most TE insertions are "molecular fossils," which have lost the ability to mobilize, active TEs continue to impact our genome. 2 At present, only members of the non-LTR retrotransposon class (LINE-1, Alu, and SVA) are active in the human genome. 3 Long Interspersed Element-1 (LINE-1 or L1) elements constitute 17% of our genomic mass, and are the only active class of autonomous retrotransposons in humans.
1,2 However, only 80-100 L1 elements per genome are capable of mobilization and are termed retrotransposition competent L1s (RC-L1s). 4, 5 Additionally, SVA (a repetitive element named after its main components, SINE, VNTR and Alu) and Alu elements belong to the class SINE (short interspersed elements), which are non-autonomous retrotransposons mobilized using the enzymatic machinery encoded by RC-L1s. [6] [7] [8] Non-LTR retrotransposons move in genomes using a "copy and paste" mechanism, which involves reverse transcription of an intermediate RNA and insertion in a new genomic location (reviewed in refs. 2, 9, and 10). Notably, the retrotransposition mechanism of non-LTR retrotransposons is fundamentally different to the process of LTR retrotranspososition, as non-LTR reverse transcription occurs in the nucleus, at the site of insertion. Finally, RC-L1s are also responsible for the generation of processed pseudogenes, [11] [12] [13] and the preferential mobilization of certain non-coding cellular RNAs. [14] [15] [16] Thus, the activity of a single type of TE has generated a third of our genome and their activity continues to impact our genome.
A human RC-L1 comprises a 6 kb sequence containing a ~900 bp 5′untrans-lated region (UTR), two intact Open Reading Frames (ORFs), a short 3′UTR that ends in a poly-A tail and are usually flanked by variable length Target Site Duplications (TSDs, reviewed in refs. 9, 10, and 17 20 and Reverse Transcriptase (RT) activities. 21 Both proteins are strictly required for L1 retrotransposition. 22 Retrotransposition starts with the generation of a full-length mRNA from an RC-L1 at a discrete genomic location using an internal promoter located in its 5′UTR. 23 Notably, the 5′UTR of human LINE-1s also contains a conserved antisense-promoter of unknown function (AS 24, 25 ). Upon maturation, the L1 mRNA is exported to the cytoplasm where translation takes place. 26, 27 Both encoded proteins presumably bind back to the same mRNA from which they were translated, forming a RiboNucleoprotein Particle (RNP) that is a supposed retrotransposition intermediate. [28] [29] [30] The ongoing activity of TEs may result in insertional mutagenesis processes that could accumulate throughout the human genome and could lead to negative consequences for the cells/tissues affected. Indeed, TE mobilization processes has been associated with almost 100 human disorders 31 due to the disruption of a gene unit, by alteration of splicing, by gross alterations at the insertion site or by interfering with transcription among other mechanisms (reviewed in refs. 2, 9, 10, and 31). Given that retroelements can affect the genome in a myriad of ways, it is not surprising that the cell has generated diverse mechanisms to regulate their activity. A main target in TE regulation is the TE intermediate RNA, as this serves as a template to generate a new insertion, and is also required for protein translation in the case of autonomous elements (Fig. 1) . Indeed, the majority of methylated cytosines in human genomic DNA occur in repetitive sequences and it has been proposed that DNA methylation evolved primarily as a defense mechanism against TEs. 32 Notably, the 5′UTR of mammalian L1s contains a CpG island and L1 expression has been shown to be repressed by DNA-methylation of this region. 32, 33 Somatic human tissues may contain most L1-CpG islands methylated, but these promoters are hypomethylated during early embryogenesis. 34 Thus, it is considered that new TE insertions in humans can be accumulated during early embryogenesis (reviewed in ref. 35) . Notably, recent data by several laboratories have revealed that RNA-derived processes may represent an additional layer of regulation, that is part of a dynamic battlefront to control TE mobilization (Fig. 1) .
RNA-Mediated Mechanisms of TE Control
A class of small RNAs, Piwi-interacting RNAs (piRNAs), is associated with the Piwi clade of Argonautes and acts to repress mobile genetic elements in the germline of both Drosophila and mammals 36 ( Fig. 1 , left side). piRNAs are generated by RNA-transcription of long TE clusters, resulting in the accumulation of short mature piRNAs in the cytoplasm by the ping-pong mechanism (reviewed in ref. 36 ). piRNAs then act as guides to destroy complementary transposon transcripts by endonucleolytic cleavage (i.e., within piwi complexes 36 ). Briefly, during the ping-pong cycle, primary piRNAs are processed and loaded into MILI containing complexes. This complex is thought to cleave TE antisense transcripts generating secondary piRNAs that are associated with MIWI2. MIWI 2 then cleaves TE sense transcripts producing new sense piRNAs that are again loaded into MILI. 37, 38 Additionally, both in Droshophila and mammals some piwi members may localize to the nucleus, but their nuclear function is not fully understood. Furthermore, there is a clear connection to DNA-methylation, as the mouse piRNA pathway is required for de novo DNA methylation and silencing of TEs in germ cells. 37 Thus, it is thought that the combined action of DNAmethylation and piRNAs may control the accumulation of new TEs in germ cells of mammals. Indeed, most TE insertions in humans and mice seem to be accumulated during early embryogenesis and new insertions in germ cells are rare. 35, 39, 40 We have recently described that the Microprocessor, a nuclear protein complex involved in microRNA (miRNA) biogenesis, may act as a new post-transcriptional mechanism to control the mobilization of mammalian retrotransposons in the nucleus (Fig. 1, right side) . 41 During miRNA biogenesis, the Microprocessor recognizes and cleaves hairpin RNA structures embedded within the sequence of primary miRNA sequences (pri-miRNAs) in the nucleus. [42] [43] [44] The minimal catalytically active Microprocessor is a heterodimer formed by the double-stranded RNA-binding protein, DGCR8 and the RNaseIII enzyme, Drosha. DGCR8 recognizes the pri-miRNA substrate whereas Drosha functions as the endonuclease generating precursor miRNAs (premiRNAs) that are exported to the cytoplasm where they are further processed by another RNase III enzyme, Dicer (DCR), to generate mature miRNAs. [42] [43] [44] A DGCR8 HITS-CLIP (high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation) experiment designed to identify novel substrates of the Microprocessor revealed that this complex binds and regulates a large variety of cellular RNAs. 45 The CLIP protocol is based on an UV irradiation step in order to induce covalent links between protein and RNA molecules present within a complex. In principle, this allows to conduct highly stringent immunoprecipitation and washing conditions so that only those RNAs directly bound to the protein of interest are selected (reviewed in refs. 46 and 47) . To further assess the reproducibility of this approach, we compared endogenous DGCR8 HITS-CLIP reads with a replicate of the experiment using transiently transfected epitope-tagged DGCR8 protein (pCG T7-DGCR8). Notably, we observed a strong correlation between both experiments, which suggests that the identified DGCR8 targets are indeed specific targets. 45 Interestingly, one third of the DGCR8 RNA targets corresponded to human repetitive sequences, including active TEs. We confirmed that DGCR8 recognizes and binds active retrotransposons (LINE-1, Alu and SVA) in human cultured cells and that the Microprocessor can process LINE-1 and Alu derived RNAs in vitro and likely in vivo. Notably, we also determined that the Microprocessor regulates the abundance of L1 mRNAs and encoded proteins both in human pluripotent cells as well as in DGCR8 −/− mouse Embryonic Stem (mES) cells. 41 Altogether, these data strongly suggest that the Microprocessor controls TE expression levels by processing their RNA derived transcripts. Importantly, we demonstrated that the Microprocessor negatively regulates Alu and LINE-1 engineered retrotransposition in cultured HeLa cells, most likely by binding and processing RNA derived from these TEs (Fig. 1) . 41 Furthermore, other transposable elements and even processed pseudogenes that require L1-encoded proteins for their mobilization might be indirectly regulated by the Microprocessor. In sum, these data suggest a function for the Microprocessor in restricting non-LTR retrotransposon mobilization; we further propose that this regulation might be relevant in somatic tissues, acting as a repressor of those active TE copies that escape transcriptional silencing. 41 However, numerous questions remain to be answered. Notably, a high proportion of the reads from HITS-CLIP experiments mapped to transcripts derived from inactive TEs in humans, like mRNAs derived from evolutionary older LINE-1 subfamilies, LTR retrotransposons and even DNA-Transposons. That could reflect that this complex has acted Figure 1 . regulation of mammalian retrotransposons at the rna level. (A) Dna-methylation of L1 promoters (5′Utr) inhibits its expression. (B) the microprocessor processes structured regions in alu and L1 derived transcripts, reducing their levels. (C) L1-rnas can be degraded by the exosome-associated 3′→5′ exoribonuclease rrp6 and the 5′→3′ exoribonuclease Xrn2; these may also occur after being cleaved by microprocessor. (D) Double-strand rnas produced by transcription from both sense and antisense promoters may inhibit L1 retrotransposition by an rnai mechanism (E). (E) sirnas are generated from dsrna in the cytoplasm by Dicer processing and loaded onto aGo proteins targeting L1 rnas. (F) the processing of L1 and alu rnas by the microprocessor could generate a pre-microrna-like structure that could be further processed by Dicer in the cytoplasm, generating mature mirnas loaded in aGo proteins. (G) pirnas are processed from rna precursors that are transcribed from particular intergenic repetitive elements known as pirna clusters. (H) Primary pirnas are amplified through the ping-pong pathway. thus, two different piwi proteins, mILI and mIWI2, are associated with sense (brown line) and antisense pirnas (green line), respectively. pirnas then may act as guides to cleave complementary transposon transcripts, which requires the endonuclease activity of piwi proteins. (I) Some piwi-like proteins are also localized in the nucleus, where they might participate in Dna-methylation of te sequences (A).
in reducing the impact of TE mobilization through evolution. However, mutation accumulation over time and high error rates of reverse transcriptases encoded by LTR and non-LTR retrotransposons 16, 48 make it unlikely that pri-microRNA like structures have remained unchanged through evolution. Thus, we speculate that the binding and likely processing of RNAs derived from inactive TEs could also reflect a more generic function of the Microprocessor: destabilization of non-functional RNAs transcribed within cells. The HITS-CLIP approach also revealed that DGCR8 binds many other types of structured RNAs: several hundred mRNAs/pseudogenes and noncoding RNAs such as rRNAs, snRNAs, snoRNAs (small nucleolar RNAs) and lincRNAs (long intergenic non-coding RNAs). 45, 49 We confirmed the direct interaction of DGCR8 with several of those RNA targets (such as mRNAs, snoRNAs, lincRNAs as well as TEs) by immunoprecipitation/RT-qPCR experiments. 41, 45 Some of those RNAs could probably correspond to aberrant transcripts or non-functional transcripts that might be destabilized by the Microprocessor in the nucleus. Furthermore, this hypothesis could explain the identification of additional biding sites for DGCR8 in the antisense strand of RC-L1s, Alu and SVA derived RNA sequences, although we cannot rule out that they might have a role in TE biology or genome regulation.
An additional arising question is whether some TE-derived RNA products generated by the Microprocessor are further processed in the cytoplasm by Dicer (DCR) to generate mature and functional miRNAs. Indeed, previous bioinformatic analyses have shown that subsets of canonical mammalian miRNAs are derived from LINE-2 elements and other currently inactive genomic repeats. 50 Notably miRNAs and small-interfering RNAs (siRNAs) are cleaved from short hairpin and double-stranded RNA precursors by DCR endonucleases and bound by Argonaute proteins (AGO) in a large multiprotein complex called RISC (Fig. 1) . RISC then targets homologous sequences in cellular RNAs, inducing their degradation or suppressing their translation. Interestingly, a recent study that analyzed the repertoire of small RNAs (sRNAs) in cultured mES revealed a significant depletion of sense and antisense 5′UTR-L1-derived 22nt-sRNA in DCR −/− mES cells and qRT-PCR experiments showed that a fraction of them were specifically loaded in AGO2, as canonical microRNAs. 51, 52 Notably, miRNA or siRNA biogenesis pathways could generate these sRNAs. Interestingly, Ago2
−/− and DCR −/− mES cells also exhibit increased levels of mouse L1 derived mRNAs. Ciaudo and colleagues attributed the activation of LINE-1 in those cells to the depletion of 5′UTR-L1 derived sRNA and proposed that RNAi may act to control retrotransposition in mES cells. Indeed, a model where the bidirectional transcription of opposed L1 retrotransposon sequences 24, 25 results in the formation of double-stranded RNAs processed to siRNAs that suppress retrotransposition by an RNA interference mechanism was previously suggested in human cells. 53 Remarkably, it has been recently demonstrated that RNAi has an important function in immunity against viruses in mammals. [54] [55] [56] This pathway seems to be active exclusively in stem cells (i.e., early embryogenesis) where the innate antiviral interferon (IFN) response is non functional. 57, 58 Indeed, Maillard and colleagues observed that upon infection of mES cells with encephalomyocarditis virus (EMCV) or Nodamura virus, virus-derived small RNAs (vsRNAs) were associated with AGO2, whereas they were undetectable in cells lacking Dicer and decreased upon cell differentiation. 55 Furthermore, the infection of mES cells, hamster cells and suckling mice by Nodamura virus requires RNAi suppression by an inhibitor of Dicer encoded by the virus. 55, 56 Altogether, these data suggest that DCR recognizes and cleaves dsRNA in undifferentiated cells and further support that RNAi is an ancient form of immunity that evolved to suppress viruses and transposable elements during early embryogenesis (Fig. 1) . Although heritable new TE insertions in humans may accumulate during early embryogenesis, 35, 39, 40 recent studies have also uncovered a surprisingly load of somatic retrotransposition in selected tissues, mainly in the brain and in several type of tumors (recently reviewed in refs. 59 and 60). Thus, further studies are required to fully understand the contribution of RNA-derived mechanisms in the control of TE mobilization in cancer and the human brain.
DCR and the Microprocessor are involved in miRNA biogenesis. Most miRNAs interact with 3′UTRs of RNA targets inducing their degradation or suppressing their translation. 61 Thus, and in order to test whether the control of L1 mobilization by the Microprocessor is mediated by miRNAs, we used engineered retrotransposition constructs lacking 3′UTR sequences. Importantly, a similar increase in retrotransposition was observed for the construct that lacks the 3′UTR upon Microprocessor depletion, strongly suggesting that the Microprocessor control of L1 mobilization seems to work in an miRNA independent manner. 41 Supporting this hypothesis, luciferase-based reporters containing the 5′UTR of an active LINE-1 produced more reporter activity in the absence of the Microprocessor than in the absence of DCR. 41 Altogether, these data suggest that the Microprocessor and DCR can independently regulate TE RNA levels and subsequent mobilization. Notably, other key factors that may have a role in the dynamic regulation of TE derived RNAs were further identified by Ciaudo et al., as depletion of nuclear Xrn2 and exosome co-factor Rrp6 led to the accumulation of L1 transcripts and L1-ORF1p, correlating with reduced levels of the most abundant sense and antisense L1-derived sRNAs 51 ( Fig. 1) . Additionally, previous studies have shown that the Microprocessor co-operates with Setx, Xrn2 and Rrp6 to induce the premature termination of transcription by RNA pol II at the HIV-1 promoter. 62 The exosome complex is the major source of 3′→5′ ribonucleolytic activity in eukaryotic cells and exerts an indispensable role in RNA processing and quality control. 63 Rrp6 is an RNase D-related 3′→5′ exoribonuclease that provide this activity to the nuclear exosome. 64 Setx is the human homolog of the Sen1 protein in yeast, a RNA/DNA helicase contained in a complex involved in transcriptional termination of several classes of RNAs. Sen1-mediated termination of transcription is potentiated by a 5′ -3 exoribonuclease, Rat1p/Xrn2, that following cleavage, degrades the uncapped nascent transcript to promote the release of RNAPII from its template. 65 Whether L1 mRNA destabilization by these RNA surveillance pathways is coordinated with Microprocessor-mediated processing remains to be seen.
In sum, data from different laboratories indicate that several RNA-mediated mechanisms act to control the expression and mobilization of TEs. Importantly, characterization of endogenous LINE-1 mobilization events in stem and somatic cells using the latest advances in high-throughput sequencing and single cell genomic is still required to unambiguously determine the real impact of the Microprocessor and other factors in retrotransposon control. 52 In sum, these data suggest that several post-transcriptional mechanisms targeting mammalian retrotransposon derived mRNAs might simultaneously act in nucleus and cytoplasm to reduce their mutagenic potential (Fig. 1) . These results further reveal the complex regulation of TEs within a host, and suggest that multiple mechanisms at different levels act to control the impact of TEs in genomes.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. 
